Introduction
There is a growing interest in the properties of cold alkaline-earth atoms. One of the main reasons for this interest is a possible construction of optical clocks, whose precision might exceed that of the current atomic standard of time [1, 2] . In particular, optical clocks based on an intercombination transition 'so --+,pi of alkaline-earth atoms are seen as good candidates for the next time standard [3] [4] [5] .
We will focus here on photoassociation spectroscopy of ultracold alkaline-earth atoms near the intercombination line 'So --1P (i.e. j=1) as an excellent means to study the interactions between cold atoms. In the presence of laser light, two colliding ground-state atoms, labelled by the scattering state "g", absorb a photon forming an excited molecular bound state "e" [6] . This process is called photoassociation. The excited state decays to product states "p" leading to detectable loss of atoms from an atomic trap. The variation of the atom loss as a function of laser frequency gives the photoassociation spectrum. The shape of photoassociation lines not only depends on the properties of the colliding atoms but also on the temperature and other conditions in a trap [7] . For alkaline-earth atom photoassociation near the intercombination line we must describe the shape of photoassociation lines with very-small natural width and weak laser radiation. The Doppler effect as well as the photon recoil must be taken into account. This is in sharp contrast with the usual treatment of PA [7] , in which these two effects are neglected. We will highlight the Doppler and photon-recoil effects by investigating the temperature dependence of a photoassociation line. This work is presented in detail in Ref. [8] .
Doppler effects and photon recoil in photoassociation
The photoassociation process occurs in a thermal cloud of cold atoms at temperature T interacting with weak laser radiation. After absorption of a photon of frequency w, two atoms form an excited molecular bound state le) with energy Fe. The photoassociation process according to standard descriptions is most efficient when the photon energy and the kinetic energy of the relative motion of colliding atoms, Er, match the energy of the excited bound state, that is hw + Er = e.
The description of photoassociation for very narrow lines requires us to include the Doppler shift and photon recoil. Figure 1 shows a schematic of the collision before the PA process. In the laboratory frame the two colliding atoms, each with mass m, have momentum Pj and 12, respectively. In the coordinate frame, which moves along with the center of mass, the relative momentum of the colliding atoms is Pr and kinetic energy of relative motion Er(Pir) = pr/24t, where p = m/2 is the reduced mass of the colliding atoms. The photon energy hw + ED(Pjc) in the moving frame is shifted with respect to its energy hw in the laboratory frame. To good approximation the Doppler shift ED(Pc) = -hklas ' PCdM is proportional to Pc, where -c is the center-of-mass momentum of the two atoms in the laboratory frame. The total mass of the system is M = 2m, klas is the wave vector of the laser radiation with absolute value klas = w/c, and c is the speed of light. After photoassociation the excited molecule gains the momentum hkias of the absorbed photon and, therefore, has a translational kinetic energy of Erec,mo = h2klja/(2M) in the moving frame defined before the absorbtion of the photon. Consequently, photoassociation is most efficient when hw + ED(Pc) + Cr(15) = Fe + Erec,moli Figure 2 shows a lineshape at a temperature of 1 mK, 1 uK, and 1 nK with and without Doppler broadening. See Ref. [8] Fig. 2(a) has the typical "cut-off exponential" shape determined by thermal broadening and is only slightly affected by Doppler broadening. The width of line is on the order of ten MHz and the peak rate coefficient is 10-15 cm3s-1. Such a low rate coefficient makes trap loss hard to detect in typical ultra-cold-atom experiments in a magneto-optical trap. In this case ion detection might be a sensitive alternative.
A 1 ,iK atomic-gas temperature is close to the recoil temperature TR h2k2/(mkB) = 1.11 uK, where kB is the Boltzmann constant. Under such conditions both thermal and Doppler broadening in the PA lineshape are comparable. Figure 2 (b) demonstrates a significant difference between a Doppler broadened profile and one without Doppler broadening. The width of the line is on the order of hundred kHz and the peak rate coefficient is 10-12 cm3s-1. A trap-loss signal should be observable for such rate coefficients.
In Fig. 2(c) a PA lineshape for a thermal gas at 1 nK is shown. Typically for such low temperatures and sufficiently high densities an atomic gas could be Bose condensed(BEC) and a Boltzman distribution of atomic momentum should not be used. Here, we assume a low enough density that condensation has not occurred. The lineshape is an ordinary Voigt profile, which is determined by Doppler and natural broadening. The line is Lorentzian if Doppler broadening is neglected. The width of the line is on the order of kHz and the peak rate coefficient is 10-10 cm3s-1. Moreover, the molecular recoil energy Erec,mol/h = 5.775 kHz is significantly bigger than the width of the line.
The width of the lines in Fig. 2 varies by four orders of magnitude. The peak rate coefficient changes by five orders of magnitude. Clearly, for temperatures on the order of 1 ,K and below, photoassociation spectra should be observable. Moreover, Doppler broadening is an important factor and affects the shape of the lines significantly. 
